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ABSTRACT

A series of firings was executed in the 100-ft Range K of the VKF
for the purpose of determining the causes of radar reflections from
the wakes of hypervelocity spheres. A 35-kmc, focused, oblique radar
was employed as the primary instrumentation. In addition, receiving
and parasite antennas were used to measure transmission and specular .
reflection. The results of these experiments indicate that, when using
the 35-kmc microwave equipment described here, a detectable radar
reflection in most cases was cbtained from the wake of a hypervelocity
sphere (10, 000 to 27, 000 ft/sec in these experiments) only if the sphere
ablated. Measurements of turbulent wake velocity were shown to agree
with the predicted values. The region of transition from laminar to
turbulent flow was also defined.

iii
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SECTION |
INTRODUCTION

The launchings of spheres in the 100-ft hypervelomty Range K
(Armament Test Cell, Hyperballistic {K)) in the von Karman Gas
Dynamics Facility (VKF) have been periodically monitored by a 35-kme,
oblique, focused radar. The focused antennas employed in the radar
were evaluated during the initial launchings, and then a series of firings
was begun for the purpose of systematically varying model materials,
speeds, and range pressures while observing radar returns from the
wakes of hypervelocity spheres. This aspect of the subject is not widely
reported in the literature, and the necessity for accurate interpretation
of future radar data dictated this program of experimental investigation.
It was hoped that a better understanding of reflection phenomena would
be gained and would also aid in the analysis of data resulting from the
application of other wake diagnostic techniques, e.g., resonant cavities
and transverse microwave probes.

SECTION 11
APPARATUS

A description of Range K can be found in Ref. 1, Range K consists
of the following components:

2.1 LAUNCHER

The launcher is a two-stage, light gas gun consisting of a combus-
tion chamber, pump tube, high pressure section, and launch tube.
Various high pressure sections are employed, and launch tubes ranging
in diameter from 0. 375 to 1.0 in. have been used with this launcher.

To protect the model in the launch tube, it ig mounted in a Lexan® sabot.
The two main types of sabots used are discussed in Ref, 1,

2.2 BLAST AND RANGE TANKS

Both of these tanks are 6-ft-diam cylinders joined by a short spool
piece containing a high vacuum valve which permits pressure isolation
of the two tanks.

The blast tank is 12 ft long and has a series of ports along the sides
and upper surface fo permit X-ray photographs to be taken of the model
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and sabot after they have left the launch tube. The range tank is 103 ft
long and is equipped with six dual-axis shadowgraphs installed at
approximately 15-ft intervals, There is also a high sensitivity, single-
pass schlieren system which is used to study body flow fields over a
wide range of model flight conditions. This system can be operated
with a vertical or horizontal, servo-controlled knife edge, with a
vertical or horizontal Wollaston birefringent prism, or as a focused
shadowgraph. When a single-flash spark source is used, the flow field
is photographed with a Speed Graphic® camera. A Strobokin® multi-
spark light source is used in conjunction with a high-speed drum camera
to study the far wakes of high speed bedies. Using this latter arrange-
ment, as many as twenty frames can be photographed during a single shot,

2.3 MICROWAVE INSTRUMENTATION

The backscattered signals from the wakes of high speed spheres
were moenitored with a 35-kme oblique Doppler radar. A schematic of
the radar head is shown in Fig. 1. The antenna is located in the range
tank and is mounted at an angle of 45 deg to the longitudinal axis of the
range. The sensitivity of the radar shown in Fig. 1 could be increased
by adding stages of microwave amplification and by employing i-f
stages; however, for the purpose of the test work described here, the
circuitry shown in Fig. 1 was considered to be adequate. A schematic
of the complete radar installation, including the transmitter and the re-
ceiving and parasite antennas, is shown in Fig. 2. The signals entering
the receiving and parasite antennas were detected and d-c coupled to
recording oscilloscopes. The focusing antennas employed in the radars
congisted of conical horns, phase-corrected with dielectric lenses. The
transmitting antenna, shown in Figs. 1 and 2, was equipped with a lens
having a focal length of 24 in. and f/D ratio of 4, Laboratory measure-
ments of the antenna patterns of this particular horn-lens combination
made using 0. 175-in. -diam spherical targets, indicated an E -plane,
3-db beam width of 62 (2,02 in. at 35 kme), an H-plane 3-db heam
width of 81 (2,7 in. at 35 kme), and an H-plane, 10-db beam width of 11A
(3.7 in. at 35 kme). The antenna is oriented such that the E-plane is
parallel to the model flight axis, as shown in Fig. 2, Therefore, when
this antenna is used in the oblique radar system with a viewing angle of
45 deg, the distance traveled by a sphere during passage through the

beam is 2.02V 2 = 2. 85 in. . between the 3-db points.

However, the antenna focusing property of most interest in the aero-
physical measurements discussed in this report is the total effective
beam width, i.e., the total distance along the flight axis during which
discernible radar signals are obtained from the model. This effective
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value of beam width is therefore a function of the sensitivity of the radar
and its readout system, in addition to the focusing properties and view-
ing angle of the antenna and the reflectance properties of the model* and
its flow field. The sensitivity is limited by the inherent radar and read-
out system noise levels, which remain fairly constant for a given system,
The minimum detectable reflected signal {(a measure of the radar sensi-
tivity) from a sphere for a radar operating at a given noise level is a
function of the microwave illumination intensityt on the sphere and of
the diameter and material and surface properties of the sphere. Sum-
marizing, the total effective beam width, as defined above, is deter-
mined primarily by the focusing properties and viewing angle of the
antenna, the intensity of microwave illumination on the sphere, and by
the reflectance properties of the sphere.

A typical dynamic value of the total effective beam width is illus-
trated in Fig. 3a by a radar record which indicates that discernible
reflections were obtained from a nonablating aluminum sphere for a
distance of 4, 65 in. along the flight axis. It is also shown in Fig, 3a
that the sphere traveled 2. 87 in. along the flight axis between the 3-db
points in the microwave beam, which corresponds to a 3-db beam width

of 2.03 in. {(i. e., 2. 87/\{_2_) in the E-plane. The value of 3-db beam
width, 2.03 in., agrees well with the value of 2. 02 in. measured in the
laboratory, using a target having a projected area of 0. 16 of that of the
sphere represented in Fig, 3a. This is indicative of the well -focused
character of the microwave beam. The experimental value of 3-db beam
width shown in Fig. 3a was obtained from the 6-db points on the Doppler
record because the amplitude of the Doppler signal is proportional to the
square of the true beam field intensity, assuming a square-law detector
response (Ref. 2). The total effective beam width shown in Fig. 3a
(namely, 4.65 in.) is approximately equal to the E-plane, 10-db beam
width projected on the flight axis.

*The reflectance properties of concern here are model size, surface
material, and surface roughness.

1r1U‘ii’hile the sphere is in the microwave beam, the intensity of
illumination on the sphere is not only a function of the model position in
the E-plane of the microwave beam, i. e., along the range centerline,
but also its position in the H-plane of the beam and its position along the
optical axis of the beam.
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SECTION 111
ABLATION PREDICTIONS BASED ON TEMPERATURE AT STAGNATION POINT

The temperature at the body stagnation peint is of interest since it
is an indication of whether or not the model under test might ablate. It
has been shown (Ref. 3) that the temperature rise at the stagnation point
caused by the aerodynamic heating is given by

AT = 10(Va/10Y) **Up_ /760)(S /1)1 /pCK)] (1)

(The system of units is defined in the nomenclature.) This equation is
based on the solution of the unsteady heat conduction equation for a
sphere under the following conditions: (1) initial ambient temperature

of 300°K throughout the model, {2) constant heat-transfer rate to the
sphere, (3) short flight times, and (4) no model rotation. The properties
of some of the materials likely to be used in seroballistic range work are
listed in Table I, Figure 4 and Table I permit calculaticn of the flight
distance required for a sphere to reach melting temperature at the stag-
natiocn point.

In the present investigation the microwave equipment was located
approximately 40 ft from the muzzle of the gun. Using this distance and
the data given in Fig. 4 and Table I, the predicted resulis pertaining to
the present study are shown in Fig. 5, Equation (1) shows that for a
particular material, length of flight path, and velocity, the pressure at
which ablation is likely to occur is directly proportional to the model
diameter. This relationship is illustrated by the curves for aluminum
spheres shown in Fig. 5. It is encouraging to note that a calculation
mentioned by Kornegay (Ref. 4} for a 0. 187-in. -diam aluminum sphere,
traveling at 18, 000 ft/sec for a distance of 45 ft, is in good agreement
with the present calculations (Fig. 5).

SECTION |¥
DISCUSSION OF RESULTS

4.1 COMPARISON OF PREDICTED ABLATION ONSET WITH RADAR SIGNALS

The above calculations should be considered as depicting conditions
under which the possibility of ablation cannot be overlooked. For
example, a series of 0.125-in. -diam steel spheres has been launched
at speeds of approximately 17, 300 ft/sec into an ambient pressure of
200 mm Hg. Reference to Fig. 5 indicates that model ablation under
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these conditions would be likely. A simple ballistic spectrograph indi-
cated the presence of iron in the flow field around these models.
Figure 3c indicates a radar return from the wake of such a model. A
0.125-in, -diam tungsten carbide sphere fired under similar conditions
produced no radiation which could be detected by the ballistic spectro-
graph and no wake reflections which the radar could detect {Fig. 3d).
Figure 5 indicates that, at a velocity of 17, 300 ft/sec, a pressure on
the order of 300 mm Hg would be required to produce ablation of the
tungsten carbide sphere.

To determine whether there is a relationship between a radar wake
return and the likelihood of model ablation, the radar returns for a
variety of materials and flight conditions (listed in Table II) are com-
pared in Fig. 6. These comparisons suggest that a radar wake return
most often was obtained whenever the model and shot conditions were
such that the melting temperature boundary was approached.

Figure 7 represents a 0,125-in, -diam copper sphere launched at
26, 200 fps and a range pressure of 18.6 mm Hg with no sign of transition
in the visible wake. Unfortunately, no similar schlieren record is available
for a 0.25-in. -diam sphere, but, based on Ref. 5, it can be shown that the -
0.25-in, sphere at the same conditions should have a laminar wake for ap-
proximately 23 body diameters. On the same basis, the 0,125-in. sphere
should have a laminar wake for roughly 46 body diameters. Figure 6a indi-
cates that a 0, 25-in, -diam aluminum sphere launched at this speed and
pressure should be considered as likely to ablate. The oblique radar and
receiving antenna records are shown in Figs. 8a and b for a shot of this
type (Shot K-1408). Also shown in Fig. 8c is the parasite antenna record
for another similar shot (Shot K-1415, Table II}.

The oblique radar record (Fig. 8a) indicates that there is a low
frequency return from the wake indicating a reflecting source velocity
about 40 times slower than that indicated in Fig. 3c for a turbulent wake.
The receiving antenna (Fig. 8b) indicates that the transmitted signal is
completely cut off for approximately 400 usec. If, as would be inferred
from the schlieren observations (Ref. 5) the wake is laminar for roughly
23 diameters or 18 usec, then a specular reflection of the microwave
energy would be expected for that time. Figure 8c indicates that the
parasite antenna located to monitor specular reflection detected a reflected
signal for approximately 400usec. Thus, under these conditions (0. 25-in.
-diam aluminum sphere at 26, 000 ft/sec at a pressure of 20 mm Hg), the
wake is opaque to microwave energy and either wholly laminar for a greater
time or distance than one would expect, or the possibly turbulent inner wake
is shielded from microwave interaction by ablation products. This points to
an influence of ablation on microwave signals which cannot be detected by a
simple backscatter system.
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Figure 6 d indicates that a 0. 125-in. -diam copper sphere at
26, 000 ft/sec and a pressure of 20 mm Hg would not be likely to ablate,
and Fig. 6a indicates that a 0.125-in. -diam aluminum sphere at the
same conditions would ablate. In Fig. 9 the receiving and parasite
antenna records from iwo such shois are compared. For the copper
moedel {Fig. 9a) both antennas recorded the passage of the model only;
whereas for the aluminum model (Fig. 9b), a strong signal was received
from the wake on both antennas, This tends to confirm the conclusion
drawn earlier that at this microwave frequency and at these shot condi-
tions, the products of ablation appear tc have provided the source of
reflection for the microwave energy from the wakes.

Figure 10 presents the experimentally measured variation of electron
density with ambient pressure and velocity in the wakes of nonablating
spheres (Ref. 6}). For the model and flight conditions listed in Table 1I,
Fig. 10 indicates that the wake electron density was always less than
1012 ¢m~3 when x/d > 40. Heald and Wharton {Ref, 7) show that when
the wake electron density is equal to or greater than the cutoff electron
density at the particular microwave frequency (overdense condition), the
plasma reflection coefficient is close to unity. When the wake electron
density is an order of magnitude less than the cutoff value (underdense),
then the reflection coefficient is on the order of 0,01. Thus, in the over-
dense case a strong backscattered signal would be expected. The condi-
tions for all shots listed in Table II are such that the electron density in
the wake of a nonablating body is always an order of magnitude less than
the cutoff value for a 35-kmc system (1. 24 x 1018/em3), as inferred
from Ref. 6 and shown in Fig, 10, Therefore, it would not be expected
that the present radar system could detect any strong backscattered
signals from the wakes of the nonablating spheres.

Listed in Table Il are some results obtained with nylon spheres. A
melting boundary curve has not been derived for this material because
there is uncertainty in the definition of melting temperature for all such
thermoplastics. However, the results of some low speed shots with this
material are of interest. In Fig. 3b it can be seen that there is a back-
scattered signal from the wake of a nylon sphere at a velocity of
10, 500 ft/sec and a pressure of 99 mm Hg, Ablation at these flight con-
ditions was initiated by firing the sphere into a blast tank pressure of
600 mm Hg to induce early ablation. From there the sphere passed
through a diaphragm into the lower pressure in the range. Aluminum
models (Table II; shots 1270, 1272, 1273, and 1274) launched at similar
pressures and velocities gave no evidence of any return from the wake.
Therefore, under these conditions, the radar return from the wake indi-
cated in Fig. 3b again can be associated with the presence of the products
of ablation.
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4.2 EFFECTIVE RADAR WAKE DIAMETER

The diameter of the focused microwave beam at the 10-db points in
the H-plane was determined experimentally in the laboratory to be 3.7 in.
For complete cutoff of transmission, as shown in Fig. 8h, the wake
diameter has to be equal to at least 3.7 in. The wake behind a 0.125-in.-
diam aluminum sphere (Fig. 9b) does not indicate complete cutoff. How-
ever, this smaller wake still appeared opaque to the microwave energy,
as evidenced by the attenuation in the receiver cutput which indicated
approximately 50 percent of complete cutoff. The microwave signal is
attenuated to this 50-percent level for approximately 500 body diameters,
which compares favorably with the cutoff length for the 0. 25-in. -diam
models {Fig. 8b). )

It is of interest to consider the diameters of some of the relevant
fluid dynamic flow field regions to determine the zones of the flow field
where the products of ablation are confined. The viscous and inviscid
wakes and the bow shock wave shape are defined in Fig. 11, and some
values for their dimensions, derived from Ref. 3, are shown in Fig, 12
for a particular set of test conditions. It will be noted that the diameters
of the viscous and inviscid wakes are almost equal for these conditions
when 50 ¢ x/d Z 1000, However, the viscous wake diameter has been
derived from data where turbulence is known to occur close to the body.
Figure 12 suggests that for Shot K-1408 the diameter of the reflecting
source in the wake of the sphere was greater than the viscous and in-
viscid wake diameters and, in fact, appears to have approached the bow
shock wave boundary. This indicates, at least for this flight condition,
that the products of ablation were not confined to the inviscid or viscous
inner wakes but were present in the outer wake as well. It is of interest
to note that the region of complete cutoff for the present high speed,
ablating aluminum models is on the order of 500 body diameters which

compares with the length of the visible trail measured by Taylor et al.
(Ref. 8).

Most of the models launched in support of this investigation have
been photographed with a high-speed Fastax® camera which views the
oncoming model for almost the total flight distance. A typical photo-
graph of an ablating model is shown in Fig. 13. Solid, 0.125-in. -diam,
copper spheres have been launched at similar flight conditions and the
Fastax® camera records for these shots indicate only a small region
of luminosity which can be associated with the model nose cap. Further-
more, for these flight conditions, i. e., a model velocity of 26,000 ft/sec
and range pressure of 20 mm Hg, the wake of the copper sphere is
transparent to the microwave energy (Fig. 9a).
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4.3 WAKE VELOCITY MEASUREMENT

If the electron density in the wake of a body is sufficiently high,
some of the incident microwave energy transmitted by the oblique radar
will be reflected. The frequency of the backscattered signal can be
related to the velocity of the regions of high electron density which
gives rise to the reflection. Doppler radar data obtained from the turbu-
lent wakes of high speed spheres have been interpreted in terms of
apparent wake velocities. In calling such a velocity the wake velocity,
it is assumed that the regions of high electron density are directly re-
lated to the overall fluid dynamic properties of the wake., In an earlier
section it has been indicated that data from Ref. 6 imply that, for the
velocities and pressures of the present investigation, the electron
density in the wake of a nonablating sphere is too low to produce returns
which can be detected by the present radar system. However, wake
returns were recorded during some shots, and it has been shown that
ablation appears as the most likely cause of the highly reflective wakes
(cf.Fig. 3c). Using such data to determine wake properties is analogous
to the experiments performed at Avco (Refs. 8 and 9) to delineate the
extent and velocity of the turbulent wake by studying the luminosity
generated by a highly ablating plastic model. The main concern in using
the products of ablation to provide a source of reflection is to determine
whether or not the fluid flow is modified to a significant extent. In
Fig. 14 schlieren photographs of the turbulent wake of an ablating nylon
sphere are shown, In Ref. 5 the variation of wake growth with axial
distance behind this sphere has been compared to that of nonablating
spheres and has been found to be the same (within the limitations of
experimental accuracy). This would suggest that gross wake growth is
not significantly affected by the degree of ablation associated with this
model.

In Fig. 15 the axial velocity variation obtained with the 35-kme
focused oblique radar is compared with measurements made at MIT,
Avco, and GM (Refs. 9 through 11) and also with the Lees-Hromas
theoretical variation (Ref. 12). The present data are in fair agreement
with these experimental and theoretical results. The radar data shown
in Fig. 15 include wakes contaminated with five different materials:
nylon, copper, aluminum, tungsten carbide, and steel. These five mate-
rials represent a range in specific gravity from approximately 1 to 15
and a melting temperature range from 500 to 3500°K. No consistent
effect of material property on wake velocity can be detected. Therefore,
it seems reasonable to assume that the measured wake velocities closely
approximate the clean wake velocity which, in turn, contributes to the
good agreement with the theoretical values.
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It is of interest to note that the velocities measured by radar are
greater than those measured with schlieren techniques, as shown in
Fig. 15, The velocity measured with the oblique radar represents the
local velocity at the particular portion of the wake from which the radar
energy is reflected. {The clean wave form of the Doppler radar wake
return, e. g. Fig. 3c, suggests that the reflection is from a uniform
source.) Other radial stations in the wake, which have different
velocities, may be transparent to or shielded from the microwave
energy. Presumably it is these regions which affect the result obtained
by schlieren usage and account for the discrepancy evident in Fig. 15.
The good agreement between the measured luminous {Ref. 9) and radar
wake velocities indicates that the contaminants which provide the source
of luminosity and radar reflection are probably confined to the same
region of the turbulent inner wake.

4.4 TRANSITION FROM LAMINAR TO TURBULENT FLOW

For the flight conditions of the present investigation, the sensitivity
of the Doppler radar system is such that, as noted earlier, only reflec-
tions caused by the products of ablation generally can be detected. Be-
cause of the agreement between the radar-measured and theoretical
values of turbulent wake velocity discussed in the previous section, it
would seem reasonable to conclude that the products of ablation are con-
fined to the inner viscous wake in that case, However, for the gpecularly-
reflecting wakes behind ablating aluminum models, the products of abla-
tion effectively shield the viscous and inviscid wakes for 500 body
diameters, as discussed in an earlier section and illustrated in Fig. 12,
For this reason it is not possible in this latter case to determine whether
there is any large scale inner wake turbulence present. Furthermore,
if the flow is turbulent for x/d > 500, experience has shown that the
present system has not been able to detect turbulent wake returns that
far behind a body.

For scme small model sizes the scale of turbulence may be so
small that it is below the sensitivity limit of a particular Doppler radar
system, and the typical turbulent return will not be discernible, If the
initial turbulent cell size is less than this minimum value, the first
return from such a wake will ccecur further behind the body, at a posi-
tion where this cell has grown to a detectable size. This means that
for a particular frequency, true transiiion will only be detected if the
initial turbulent cell size at transition is above the minimum detectable
gize.

It has been shown (Fig. 3a) that for a nonablating sphere the ampli-
tude of the radar return from the model is symmetrical about the time
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axis. If an ablating sphere has laminar flow immediately behind it, a
low backscattered signal would be expected, followed by a turbulent
return typified by the return shown in Fig. 16. The onsets of such
disturbances have been interpreted as the inner wake transition points
and have been determined for a range of models and flight conditions.
These data are shown in Fig. 17, The transition data obtained from the
nylon and aluminum models are in good agreement and indicate that the
contaminant in each of these cases acts as a seedant and does not gig-
nificantly modify the flow field. The present microwave measurements
of transition distance for seeded wakes are in gecod agreement with the
"clean wake'' data obtained by General Motors (Ref. 10).

It hag been suggested in Ref, 5 that the transition distance (as meas-
ured from schlieren photographs) in the wake of a sphere can be corre-
lated in terms of the parameters (V/v)_x4,./M_ and (V/v)_d for
(Vjv) d 2 109, For high speeds, M, = 20 and (Viv) d< 102, transition
from laminar to turbulent flow in the inner viscous wake is difficult to
detect with a schlieren system because the inviscid wake becomes a
significant flow field observable (Fig. 7) and shields the inner viscous
wake. It has been suggested in Ref. 5 and other references that for
(Viv),d < 109 and M, 2 20, a schlieren system does not indicate transi-
tion from laminar to turbulent flow in the inner viscous wake but rather
it indicates the point at which the turbulent inner viscous wake has broken
through the inviscid wake (see sketch in Fig. 17). What are believed to
be breakthrough distances obtained from the VEKF and other schlieren
results (Refs. 5 and 13) are shown in the upper part of Fig. 17. It will
be noted in Fig, 17 that there is poor agreement between the schlieren
measurement of distance to breakthrough and the microwave-measured
transition distance in the inner viscous wake, which is consistent with
the above argument,

From the foregoing discussien it seems reasonable to conclude that
a 35-kme oblique Doppler radar system can detect transition in the inner
viscous wake provided this wake will reflect the incident microwave
energy and is not shielded by the products of ablation as discussed in an
earlier section. On the strength of these data, this apparent paradox
cannot be fully explained. From Fig., 10, it is noted that the shot condi-
tions represented in Fig. 12, where sufficient electron density existed
all the way to the shock boundaries to cutoff transmisgion, are character-
ized by one to ten times greater (nonablating} electron production than the
shots of Fig. 15, where it is implied that the significant electron density
was confined to the inner wake. However, this difference does not seem
conclusive, and it only can be said that in some lower pressure, high
speed cases (Fig. 12} the inner wake is hidden by an apparent over-density
of electrons in the entire flow field. The dividing line between these two
different situations is not defined as yet.

10
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SECTION Vv
CONCLUSIONS

The present radar experiments indicate that detectable reflections
obtained from the wakes of hypervelocity spheres by the 35-kmc equip-
ment described herein were closely related to, and probably solely
originated from, sphere ablation. The ablation-induced radar gignature
of the wake is characterized by the laminar or turbulent nature of the
wake. The laminar wake of an ablating sphere produces a very low
frequency radar return and reflects the microwave energy at a 90-deg
angle to the incident radar beam when the angle of incidence is 45 deg.
The radar signal from the turbulent wake of an ablating sphere displays
a higher frequency and indicates a wake velocity that agrees reasonably
well with theoretical calculations and other experimental results. Radar
measurements of the transition distance agree with other radar results
and also with schlieren-measured distances.
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Represents Represents

2.87 in. of 4.65in. of
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Sphere along Sphere along

the Flight Axis the Flight Axis7

Vertical Sensitivity = 1 vicm
Horizontal Sensitivity = 100 psec/cm

Delayed Sweep
Vertical Sensitivity = 500 mv/cm
Horizontal Sensitivity = 10 usec/cm

a. Shot K-1318
0.437-in. -diam Aluminum Sphere
Model Velocity = 11, 400 ft/sec
Range Pressure = 25 mm Hg

i-= = Vertical Sensitivity = 200 mv/cm

!!!:. R?urn-"_." Horizontal Sensitivity = 10 psec/cm

Direction Wake
of Sweep n#om 7

; w”Return from "-"‘
-Slx\/;oclel Begins: ,Bg
.-.‘L\——E&g Ends

b. Shot K-1347
0.375-in. -diam Nylon Sphere
Model Velocity = 10, 500 ft/sec
Range Pressure = 99 mm Hg
Blast Tank Pressure = 600 mm Hg

Fig. 3 Typical Records from Oblique (45-deg) Doppler Radar
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Vertical Sensitivity = 200 mv/icm
Horizontal Sensitivity = 100 usec/cm

Delayed Sweep
Vertical Sensitivity = 100 mv/cm
Horizontal Sensitivity = 10 usec/cm

c. Shot K-1316
0.125-in. -diam Steel Sphere
Model Velocity = 17, 700 ft/sec
Range Pressure = 200 mm Hg

Vertical Sensitivity = 200 mvicm
Horizontal Sensitivity = 100 psec/cm

Delayed Sweep

Vertical Sensitivity = 100 mvicm
Horizontal Sensitivity = 10 usec/cm

d. Shot K-1313
0.125-in. -diam Tungsten-Carbide
Model Velocity = 19, 400 ft/sec
Range Pressure = 200 mm Hg

Fig. 3 Concluded
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10 ture, °K - Table |
P - Pressure, mm Hg
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5 10 15 20 25 30

Velocity, kft/sec

Fig. 4 Flight Conditions which Will Give Material Melting Temperature
ot the Stagnation Point
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region above the curve for each material.
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constant pressure.

3. *Calculated for a 0. 187-in. -diam
aluminum sphere in Ref. 4.
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| 0.125-in.
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15 20 25
Velocity, kft/sec

Fig. 5 Calculated Melting Temperature Boundaries



Ambient Pressure, mmHg

10t

10°

107

10!

109

<

AEDC-TR-566-182

Sym Diameter, in.

Open Symbol - No Wake Return
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4 ] i I ] |
8 12 16 20 24 28
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a. Aluminum Spheres
Fig. § Comparison of Radar Wake Returns with Predicted Ablation
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Fig. 6 Concluded
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Shot No. 1418
Vip = 26, 200 ft/sec

P = 19.6 mmHg
0.125-in. -diam
Copper Sphere

3430 3680 3930 4180

Axial Distance from Center of Picture to the Model in Body Diameters

Fig. 7 Laminar Woke behind a High $Speed Sphere

Z81-99-¥1-203V



AEDC-TR-66-182

Vertical Sensitivity = 500 mvicm
Horizontal Sensitivity = 100 psec/cm

Delayed Sweep
Vertical Sensitivity = 200 mv/icm
Horizontal Sensitivity = 10 psec/cm

a. Obligue Radar Record

Jam D-C Level Represents Complete
Cutoff of Transmission

Ry . ="=N
| Complete Cutoff S

Vertical Sensitivity = 200 mv/icm
Horizontal Sensitivity = 100 psec/cm

Delayed Sweep

Vertical Sensitivity = 200 mvicm
Horizontal Sensitivity = 20 psec/cm

Attenuation

- -

b. Transmission

Shot K-1408

0.25-in. -diam Aluminum Sphere
Model Velocity = 26, 200 ft/sec
Range Pressure = 19.8 mm Hg

Fig. 8 Radar, Receiving, and Parasite Antenna Records Illustrating Complete Cutoff
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Vertical Sensitivity = 50 mv/cm
Horizontal Sensitivity = 100 psec/cm

Model Enters Beam

Shot K-1415
0.25-in. -diam Aluminum Sphere
Model Velocity = 25, 800 ft/sec

Peak Amplitude
Range Pressure = 18.9 mm Hg

of Parasite
Signal>300 mv

c. Parasite Antenna Signal
Fig. 8 Concluded
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Time

™ D-C Level Represents Compl
Cutoff of Transmission

1
Vertical Sensitivity = 200 mv/cm
Horizontal Sensitivity = 100 psec/cm

Attenuation = Model Only

B8 Tansmission Bl

pararasite Signal BB Small Signal il Vertical Sensitivity = 200 mvicm
4 =l i rom Model Horizontal Sensitivity = 100 psec/cm

| P

a. Shot K-1420
0.125-in.-diam Copper Sphere

Model Velocity = 25, 200 ft/sec
Range Pressure = 19.8 mm Hg

am D-C Level Represents
Complete Cutoff
% of Transmission Vertical Sensitivity = 200 mv/icm

Attshisation Horizontal Sensitivity = 100 usec/cm

Vertical Sensitivity = 200 mv/icm
Horizontal Sensitivity = 100 psec/cm

b. Shot K-1425
0.125-in. ~diam Aluminum Sphere
Model Velocity = 26, 700 ft/sec
Range Pressure = 20 mm Hg

Fig. 9 Receiving and Parasite Antenna Records from 0.125-in.-diam Metal Spheres
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1013 /50
B Solid line represents experimental /
i data contained in Ref. 6. /
The dashed lines are extrapolations P 100 /
| of those data. / /
/ /
/ 30
/ ,/
B / // /
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Fig. 10 Yariation of Electron Density with Velocity and Ambient Pressure for a Sphere for x/d = 40
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Flow Field Diameters, w/d, w;/d, y/d
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Shot No. kfs mm Hg

1406 26, 42 19.9

1407 25. 61 19.8

1408 26, 20 19.8

1415 25, 80 18.9
wld Extent of Complete Cutoff

wild yid for 0.25-in. ~diam Aluminum Spheres
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Fig. 12 Shock Shape and Viscous and Inviscid Wake Diameters for a High Speed Sphere
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Shot K-1388

0.25-in.-diam Aluminum Sphere
Model Velocity = 26, 000 ft/sec
Range Pressure = 9.8 mm Hg

Fig. 13 Fastax® Photograph of an Ablating Model
and Wake
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Range K Shot 1372

1/4-in. -diam Nylon Sphere
Frame Spacing is 470

Body Diameters

Vo = 20, 650 ft/sec

Peo = 50 mm Ho

Fig. 14 Turbulent Far Wake of an Ablating Sphere
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Oblique Focused Doppler Radar

P
@
.o sym Yo ¥PS  mmHg  Material Diameter, in. Source
o 156-21.0 3B Aluminum 0.25-0.437 VKF
* 17.4-18.5 200 Steel 0125
. 205 50 Nylon 0.25
. 17.0 734 Tungsten 0.125
Carbide
—--—17.6-19.6 50-100 Copper 0.2 -0.6 Ref. 10
Schlieren
4 10.0-11.0 100  Aluminum 0. 437 VKF
-———= 1.6 =760  Aluminum 0.50 Ref. 11
Luminosity-Drum Camera Technique
—-—13.5-14.0 40-60 Lexan 0.55 Ref. §
100
[ \
- - . \‘ _ \
\‘--..:\L. \
Theory
-11. (Ref, 12)
g 10 | - \ Re. 12
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§ e - T T s,
¢
ﬁ B A
= a \.\
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-2 | ~,
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|
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Wake Length, x/d
Fig. 15 Wake Velocity behind a Sphere

30



AEDC-TR-66-182

Delayed Sweep

Vertical Sensitivity = 200 mv/icm
Horizontal Sensitivity = 10 psec/cm

Approximate
Onset of Turbulence

Model Leaves Beam
(Extent of Total Effective
Beam Width for Clean
Model)

Model Enters Beam

Shot K-1372

0.25-in.-diam Nylon Sphere
Model Velocity = 20, 650 ft/sec
Range Pressure = 50 mm Hg

Fig. 16 Transition from Laminar to Turbulent Flow
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R A === Ref. 13 ~17 Aluminum
v a  VKF 17~ 23  Aluminum and Copper
B ]
5 Breakth rough
¥
- ) N
5 =
\‘ a T
" [y A A tr
\‘ ‘ﬁ\
n vy,
N
[~ LY
\\
| L
— Schiferen Measurements of
= / Inner Wake Transition
S Ref, 5)
i 1 * a1 | [ A | ] I ™ |
104 10° 106 10/

Body Reynolds Number, (Vivl,d
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TABLE |

MATERIAL PROPERTIES

ljensity, p, Thermal Canductivity, Specific Heat, C, e CK, Meclting Temperature,
Material 1bftt3 K-Biufsec/fi2/*K/ft Btu/1b/°K Bru2/fri-eK2-gsec "rM, °K

Tligh L.ow High l.ow High Low High 1 Low High Low
Aluminum®* 185 | 160 | 0.068 0, 028 i, 415 0, 386 5. 2] 1.65 930 | 761
Heryllium 1 s -- 0.043 o 0.810 -- 3,:;5_ 1 = 1555 --
Copper 359 | 435 0.113 | o. 993- T 0. 180 0. 162 11.46 8. 41 1865 1337
Glass 268 156 0.001 0. 00025 0. 360 0.288 | 0.086 0.011 1955 159
Gold 1204 L 0. 038 - 0.70-56 -- 5. 80 -- 1_3.'-36_ --
Magnesium* | 110 | 105 0. 040 0,012 0. 441 -- 1. 94 0.556 923 717
Polycarbonate? 04 75 0.00005 | 0. 000025 0.540 -- 0.003 | 0.001 53871 --
Silver 6566 -~ 0.119 - 8. 101 -- 7. 87 -- 1235 --
Steel* 501 464 0.019 0. 004 0.232 0.162 | 240 0. 30 1813 1645
Titamum 245 278 0, 005 0. 002 0. 234 0. 216— e 0.-34- 0.12 1945 1775
:l‘_ullgsten 1211 -- 0. 044 -- 0. 081 - ' 4, 56 -- 3690 T
Tungsten Carbide 876 -- 0.0125 - 0. 090 o 1.10 -- 3140 --
Fansteel GO _J 1_050 RS 0, 225 T . _*E_ (186 - - 2.-04- h -- 3300 --

¥Includes Alloys

TMeltmg Point {Crystalline}

lTypiual sabot material, More detailed information is given in "Materials in Design Engineering - Materials Selector Issuc. '

Reinhold Publishing Curpuration, October 1964,
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Shot  Velocity#*,
No. ft/sec
1067 19,190
1068 14, 350
1069 20, 540
1071 19, 300
1078 18, 400
1077 18, 200
1078 19, 500
1079 19, 300
1080 18, 750
1081 18, 400
1062 18, 070
1083 12, 500
1084 12, 200
1088 12, 500
1087 12, 550
1088 12, 700
1090 12, 280
10081 12, 200

Range
Pressuret,
—mmIg

34,7
34. 9
31.2
34,9

4.7
34.%

(7"
bl
@

34,

36.
300,
$00.
300.
300.
298, 0
300.0
289.0

o C o D D oo

-

TABLE I
STUDY OF SPHERE WAKES - 35-KMC OBLIQUE RADAR
(January 1945 to 1966 — Range K)

Model
Model Diameter, yRE, Radar Return
Material in. _in. Model Wake Transmission

Aluminum 0.437 -0. 486 Yes No Not recorded
-0.824 No
-0.627 No
-0. 383 Yes
(.08 No
-0,062 Yes
-0,12 No
=0.15 No
=0. 507 Yes
=0. 556 No
=-0. 048 No
Steel -0. 46 No
-0.614 No
-0.34 No
-0, 68 No
-D.61 No
-0.28 No
-0, 29 No

Rumarks

Spurious signals bepan - 5 ft
behind model

Spurious signals began -5 ft
behind modei

Spurious signals began -# it
behind model

Wake return began immediately
behind model and lasted 15 usec

No wake relurn

Wake return began immediately
behind model and lasied 130 usec

No wake return
No wake return

Wake return began immedjalely
behind model and lasted 20 usec

No wake return
No wake return

Large model return

CBL-99-¥1-DAa3¥
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TABLE )l {Continued)

Range Model

Shot Velocity*, Pressure, Diameter, FEE, Hadar Return

No, fifsee mm Hg Material in, in, Model Wake  Transmission Remarks

1243 10, DOO 25,0 Aluminum 0,75 0. 60 Yes No Not recorded Large model return

1244 10, 200 25,0 Aluminum 0.75 -0. 25 No

1248 9, 800 3.1 Aluminum 0.125 -0. 83 No

1252 10, 580 150, 0 w/iC 0,125 -1.23 No

1270 10,570 100.0 Aluminum 0. 437 0.45 No

1272 10, 620 100.0 0. 437 0,19 No

1273 10, 750 100, 0 n. 437 0, 41 No

1274 10, 520 100.0 0,437 ~-1.14 No

1309 17, 320 200,0 Steel 0.125 -1.09 Yes Large return from model and
wake lasting =100 usec

1310 18, 00 200,0 wJiC 0.125 0.9 No No wake return

1312 1%, 200 200.0 Hieel 0.125 -1.086 Yes Large return [rom model and
wake

1313 17, 220 200.0 W/C 0.125 -1.1% No No wake return

1316 17, 7004 200.0 Steel 0.123 No data Yes Large return from model and
wake

1318 11, 400 25.0 Aluminum 0,437 -1, 13 No l.arge model return

1319 12,170 25,0 Aluminum 0,437 -0, 64 No Large model return

1322 17, 000 734.0 wiC 0.125 No data Yes Laurpge return from model and
wake

1324 18, 030 400.0 w/C 0.125 1.07 No N¢ wake return

1344 9, 000 9.9 Aluminum 0.437 -0.32 No Attenuation No wake return

by model
1346 10, 200 10{610)1 Nylon 0. 375 -0, 25 Yes Attenuation Small model and wake return;

attenuation by maodel and wake

Z81-99-4 L-20a3V¥
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Shot Velocily*,
No. ft/sec
1347 10, 500
1351 20, 230
1352 18, 300
1354 19, 000
1360 20, 200
1363 19,100
1372 20, 650
1373 1%, 000
1374 17, 870
1375 19, 740
1376 19, 650
1378 18, 800
1392 25, 600

Range
Preasure,

mm Hg
99(600]1

9.9

100.0

10,2

50.0
50.0
50.0

10.0

10.0
10.0
10.0
50.0

B.8

TABLE |l {Continved)

Model
NDiameter, y¥E, Radar Return

Material in, in. Model Wake Transmission

Nylon 0.375 -0.35 Yes Yen Attenuation

Aluminum 0.437 -0. 62 No Attenuation by
model

Aluminum 0, 437 No dota Yes Attenuation

Aluminum 0, 437 -0.89 No Attenuation

Nylon 0,25 0.17 No No Amplification

Nylon 0. 25 -0. 27 No No Amplification

Nylon 0.2b Yes Yes Attenuation

Aluminum 0.437 -0. 35 Yes Nao Attenuation by
model

Aluminum Q.437 -0.67 Yes No

Aluninum 0. 437 -0, 38 Yes No

Aluminum 0. 447 -0.12 Yes No

Nylon 0. 25 -0.13 Yes Yea Aimnplification
by wake

Alurninum 0. 25 No data Na data Atlcnuation by

Remarks
Small model and wake return,
attepuation by model and wake

Small low {requency wake signal

l.arge return from model and
wake; corresponding attenuation
by model and wake

Small low frequency wake signai;
slight attenuation by wake

No radar return, only low
frequency shifi; receiver horn
showed apparcnt gain for »1 msec

No radar relurn, only low
frequency shift; receiver horn
showed apparent gain for =1 msec

Model and wake return

$mali low [requency wake signal

Large return [rtorm model and
wake, attenuation by model and
gain [rom wake

No radar data recorded; attenua-

model and wake iion by model and wake

T81-99-41-0QA3V



LE

Shot
No.

1309

1402

1404

1406

1407

1408

1409

1414

1415

Velovily*®,
ft/sec__

25, 800

26, 320

25, 200

25, 420

25, 810

26, 200

25, doo

24, B3g

25, 800

Range

Pressure,
mm Hg

Material

8.2

9.4

10.2

1.8

19.8

18. 8

19.9

18.9

Aluminum

TABLE Il (Continued)

Model
Diameter, yEX, Radar Return
in, in. Model Wake Transmission

0.25 0.58 Yes No Attenuation by
model and wake

0. 25 0. 46 No data

0. 25 0.28 Yes No

0. 25 0. 26 Yes Yes Cutoff
attenuation

0,25 -0. 37 Yes Yos Jutoff
attenuation

0, 25 -0, 37 Yes Yes Culoff
attenuation

0,25 No data No No Small gain
[rom wake

0,25 0.27 Yes Yes Small
atlenuation by
wake

0.25 0.15 Yes Yeu Cutoff
attenuation

Remarks

No wake return; only slight shaft,
attenuation by model and wale

Nou radar data recorded;
attenualion by model and wake

No wake return, only slight shift,
aitenuation by model and wake

A low frequency wake signal;
complete cuteff of transmission
for =400 usec

A low frequency wake signal,
complete cutoff of transmission
for 200 usee

A low frequency wake signal,
complele cutoff of transmission
for =400 usec

Small signal received by parasite
horn; model passed through edge
of beam

Small gignal from parasliie horn
and small attenuation by wake

Low frequency wake signal;
complete cutoff of transmigsion
for 400 usec; large signal [rom
parasite horn
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TABLE If (Concluded)

Range Model

Shot Velocity*, Pressure, Diameter, ykE, Radar Return

No. ft/gec mm Hy Material in, in. Model Wake  Transmission

1420 25, 200 18.8 Copper 0.125 0.68 Yes No Altenuation
by model

1423 24, 600 20.0 Copper 0.125 0,18 Yes No Alienuation
by model

1424 26,600 20.0 Aluminum 0,125 No data Yes Yes Attenuation
by wake

1425 26, 700 20,0 Aluminum 0.125 0,71 Yes Yes Attenuation
by wake

Remarks

No wake return; no signal from
parasite horn

No wake roeturn, no signal from
parasite horn

Low frequuncy wake signal,
-50Q-percent culoff of transmis-
sion, amasll aignal from parasite
horn

Low [requency wake signal;

=50 -percent cutoff of tranrmis-
sion; small signal from parasite
horn

Note: Horizontal position of model was well within the deplh of focus of the microwave antenna in oll shots.

#*Model velocity measured between shadowgraph stations 2 and 3

TBlast tank pressure and range pressure equal except where noted

**Vertical distance [rom center of model to microwave beam axis (location of model was determined from shadowgraph station No. 2)

‘Velocity measured belween s, g, stations 2-6

iF‘igure in parenthesis is the blast tank pressure.
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